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EXPERIMENTAL STUDY OF LOOP-SCAVENGED COMPRESSION-IGNITION
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By Hampton H. Foster, F. Ralph Schuricht
and Max J. Taugchek

SUMMARY

A preliminary experimental Iinvestlgation was made of the per-
formance and general operating characteristics of a small (3?:'- by 4% in.)

single=-cylinder, two-stroke=cycle, loop-scavenged engine using com-
pression ignition at low compresslion ratlos, high Inlet-manifold tem-
peratures, and high Inlet-manifold and exhaust-gas pressures. The
investigation was conducted to deteimine experimentally the perform-
ance cheracteristics of a ported oylinder for gas-generstor use, to
compare the results with those obtained by an anslysis of a piston-
type gas-generator engine, and to indicate the practicabllity of
ocperating an engine cylinder at the requlred conditions.

The experimental results, 1ln general, are 1ln reasoneble agree-
ment with the performance values analytically obtalned for the
piston~type burner. Scavenging was unsatlsfactory at rich fuel-air
mixtures; consequently, the charging efficlency end the power ocutput
were somewhat lower than antlcipated. The thermal efflclency experi-
mentally determined checked well with analytical results at low
fuel-alr ratios. Heat losses from the cylinder were lnordinately
high; these high losses were paritly attributed to the high surface-
volume ratlo of the cylinder and to the low coolant temperature used
to expedite the recording of data In this initial investlgatvlon.
When the heat-rejection rate was conaldered, the calculated and the
measured exhaust-gas temperatures sgreed very closely.

Operation of the cylinder at low cowpression ratlos, high Iinlet-
menifold temperatures, high inlet-manifold and exhaust-gas pressures,
and high maximmm cylinder pressures presented no new problems nor
difficulties. Operation was quite smooth because of the low rate of
pressure rise in the cylinder.



2 . NACA RM No. E8L30

INTRODUCTION

The potentialitles of a gas-generator engine comprising a two=-
stroke-cycle compression-ignition engine, a compressor, end a turbine
are presented in reference l. In this type of power plant, the
piston engine drives its own supercharging compressor and the exhaust
gases from the englne are utllized in a turbine, which produces the
net useful work of the cycle. A dlagrammatic sketch of a gas-
gonerator power plant is shown in figure 1.

Aslde from the external operating conditions, the performance
of the gas-generator engine is determined by (1) a meximum allowable
cylinder pressure, (2) a maximum allowable turbine-inlet temperature,
and (3) the necessity that the work output of the piston component
of the engine must equal the work requirements of the compressor.
In order to satliefy these three condltions simultaneously, compression
ratio, manifold pressure, and fuel-alr ratio must be adjusted to the
proper values. Calculations in reference 1 indlcate that compression _
ratlos from 4 to 7, menifold pressures of approximately 8C to
160 pounds per square Iinch absolute, end over-all fuel-eir ratios of
approximately 0.03 may be used. Thes high inlet density results in high
air capacity for the gas-generator engine and leads to a low specific
engine welight, end the high expansion ratio results in good fuel economy.

The operation of the principal component of this power plant,
the two-stroke-cyocle compression-ignition engine, is certainly
unique and unusual as compared with conventional compression-
ignition-engine practice. Consequently, experimentel data must be
obtalined pertaining to the performance of this component and the
theory relative to the Influence of the rate of combustion-pressure
rise on the performance of & pressure- and temperature-limited
cylinder; confirmation is also necessary of the theoretical expressions
for such items as engine efficlency, heat rejection, compression and
combustion pressures, and charging characteristics. An investigation
was therefore conducted at the NACA lLewis laboratory to determine
experimentelly the performance characteristics of a ported cylinder
for gas-generator use and to compare the results with those obtained
in reference 1.

The unusual operating condlitions imposed upon the engine may
lead to questlons about the mechanical practicability of such an
engine. Although a limiting maximum cylinder pressure and exhaust
temperature have been maintained, compression ratio, cherging pres-
sure and temperature, and exhaust pressure are so far removed from
conventional practice that unforeseen mechanical and thermal loads
may result in premature englne fallure. A careful study of the
practicablility of operating engine cylinders at these condltlons
is therefore warranted.
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For thls work, a small-scale, loop-scavenged, two-stroke-cycle,
campression-ignition cylinder was selected as the simplest type of
cylinder that was expected to satlaefy the gas-gensrator requirememnts.
This cylinder was operated with compressilon ratios of 4 to 7, inlet-
manifold temperatures ranging from 300° to 800° F, manifold pressures
of 80 to 135 pounds per equare inch sbsoclute, and over-sll fuel-air
ratlos up %o 0.060. The engine speed was held constent at 1800 rpm,
and the charge alr flow limited to 1l cylinder volume per cycle.
Although this engine speed and this rate of flow are not necessarily
optimum, the values were selected as the mean between posslble limits
of the variables (reference 1) in order to limit the number of
variables under investigation.

APPARATUS
A ported cylinder with a Sé-inch bore and a é%-inch stroke was

fabricated from steel and the bore was chrome-plated to prevent
rapid wear. A detachable cylinder head with various spacers afforded
& meens of obtalning a change In compression ratlo. The inlet- and
exhaust-~port arrangements were simllar to those used by Rogowski and
Bouchard (reference 2, fig. 4, section D-D). In this design, two of
the eight Inlet ports were inclined at an angle of 60° with the base )
and the horizontal inlet engles of the other six Inlet ports were so
arranged as to dlrect the incoming air upward and toward the inlet
side of the cylinder (fig. 2). Four cast-iron piston rings
(wedge-shaped. cross section) were used above the piston pin; two
rings (rectanguler cross section) were used below the pin to seal the
menifold pressure from the crankcase. A four-plunger pump driven at
ons-tenth englne speed provided metered lubricetion to the cylinder
bore at four equally spaced points Jjust ebove the top of the ports.
An oll jet from the small end of the comnecting rod was directed at
the under slde of the orown of the aluminum-alloy plston to cool the
piston. The cylinder was mounted on & CFR crankcase. A 100-horsepower
dynamometer equipped with the necessary accessories and instrumentetion
was used to start the engine, to a2bsorb the power, and to motor the
engine in order to obtain frictlon data and compression pressures.
The dynemcmeter torque was indicated by scales. Figures 3 and 4
show general views of the metup.

The fuel-injection pump hed a 10-millimeter plunger and a
10-millimeter stroke. The maximum plunger velocity was 0.0125 Iinch
per degree of cam rotation. The spring-loaded Injection valve had
en opening pressure of 3300 pounds per square inch. Cross sections
of the combustion chember at various compression ratios, the location
of the injection valve, and a sketch of the spray pattern are shown
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in figure 5. The nozzle used was selected on the basis of a brief
preliminary investigation. The fuel had a cetane muber of 50, a
specific gravity of 0.835 at 60° F, and a hydrogen-carbon ratio of
0.149. TFuel flow was measured with a rotameter.

High-pressure combustlon-scavenging air was obtained from the
laboratory air system. Weight flow was controlled by suitable valves
in the Inlet and exhaust systems and was measured by a thin-plate
orifice Installed according to A.S.M.E. specifications. Surge tanks
(figs. 4 and 6} located before and after the englne were equipped
with pressure taps to messure the inlet-menifcld and exhaust-gas
pressures. Meximum cylinder pressures were measured with s balanced-
dlaphragm valve and a pressure gage. A mercury manometer connected
between the inlet menifold and the exhaust tank wes used to indicate
the pressure drop across the cylinder during operation. The readings
were In close agreement with the differences between inlet-manifold
and exhaust-gas pressures as indicated by callbrated Bourdon gages.

An electrically operated gas-sampling valve was connected to
the combustion chamber from which gas samples were directly piped
to a mixture analyzer (reference 3). Samples of gas for a 20°
crank-angle perlod could be obtained for any desired part of the
‘stroke.

During part of this investligation, the engine was operated on
e four-stroke cycle, that 1, with fuel injection at the end of
every second compression stroke in order to insure the removal of
unburned fuel from the cylinder prior to the alr-charging process.
Thls operation was accomplished by the use of 2:1 reduction gear
between the englne and the fuel-injJectlon pump.

Indicator-card (pressure-time diagrams) data were cbtained with
a modified Farnboro electric indicator (reference 4).

PROCEDURE

Veriable fuel-air-ratio runs were made over a range of inlet-
manifold pressures and corresponding exhaust-ges pressures, so that
the chosen scavenging ratio (ratio of volume of air flowing through
the cylinder per cycle measured at inlet-manifold conditlons to the
volume of the cylinder at the time of port closing) was constent.
The inlet-air flow was controlled by throttling the flow of exhaust
gases. The engine speed was held constent by varying the loed on
the dynamometer for changes in fuel-air ratio; the fuel-injection
advance angle was also held constant.

1077
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Dete were recorded a2t & minimim of 1S-minute intervals to permib
gtabllization of operating temperatures. Friction losses were deter-
pined by motoring the engine after each point at which data were taken.

The following engine operating condltions wers used:

Port timing, deg A.T.C.

must omnB L ] L ] [ ] - L ] [ ) L ] [ ] L 4 [ ] - [ ] L ] - L ] [ ] * - - ® . * 109
Exhaust ClOoS68 ¢ ¢ ¢ ¢ ¢ ¢« ¢ o ¢ s &« ¢ o s o« s o« o o« o« » 251
met omns [ ] 2 L ] * L 3 » L ] [ ] [ ] L) [ 2 * - L ] L [ ] L] L] L] * L ] * L] 119
met Closes [ ] L] * L ] L] L3 L ] * . a L] L] L ] L] [ ] [ 2 [ ] [ ] L ] [ ] * . 241

Compression ratios (based on volume above

exhaust POYtB) o o o o« « ¢ ¢ ¢ o s o ¢ @
Enginaspeed,rm-...o.-.---
Inlet-manifold pressures, 1lb/eq in. abs.
Injection-advance angle, deg . .
Fuel-air-ratio (over-all) range
Inlet-manifold temperature, °F .
Coolent inlet temperature, °F .

. 4, 4.5, 5.25, and 7
L ] L - * L ] L] * L] -* 1800

80, 100, 120, and 135
L] [ ] L ] L ] L] L ] - ® [ ] 25
« e ..« 0.01%to 0.080
300, 400, 500, and 600
L 3 . L ] L) - L] L] * L] 165

RESUI.E_L‘S AND DISCUSSION
Scavenging Characterlstics

Port flow coefficlients. - Flow coefficlents of the Inlet and
exhaust ports were determined under steady-flow conditions. The
alr flow through the cylinder was measured at suocesaive positlons
of the plston, which controlled the port openings. The Inlet- and
exhaust~-flow coefficlents based on the maximum port areas are shown
in figure 7(a). The average steady-flow coefficlents based on

.maximum port erea were found to be 0.238 and 0.372 for the 1lnlet and

exhaust systems, respectively. PFigure 7(b) shows a plot of the
products of the values of open~-port areas and the corresponding
values of discharge coefficlent at different crank positions 1n the
scavenging periocd. The average values of thls product are 0.653

and 0,923 square inch for the inlet and exhaust systems, respectively.

A parameter M, first developed for an analysls of the flow
through poppet valves (reference 5) was modified for use in the
gtudy of flow through & ported cylinder and was used to compare the
inlet and exhaust systems of the ported cylinder with those of &
oylinder from a 1l2-cylinder conventional aircraft engine. The value
of M (designated ¢ in reference 5) 1s 2 dimensionless mumber
representing the hypothetical average Mach number for the flow through
the valves or ports when the piston 1s assumed to Induct or exhaust
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the charge at a2 constant pressure. ' (See appendix for method of
calculation of M.) Although the flow processes do not actually
occur in this manner, this assumption permlts a convenlent method
or index for comparing the capaclities of various valve systems,
inasmuch as it takes into account the valve areas, the rates of
opening, the flow coefflclents, the total opening periods, and the
oylinder dimensions. With this method of cowparlson, the lower the
value of M, +the greater the capaclity of the valve under the oper-
ating conditions considered. The comparative velues of M for the
ported oylinder and the cylinder of a conventional aircraft englne
at piston speeds of 1350 and 2400 feet per minute and arblirerily
ohosen inlet and exhaust sonic velocities of 1100 and 2500 feet per
second, respectively, are:

Ported |[Conventional
cylinderijaircraft-engine
cylinder

Engine speed at pilston speed of
1350 feet per minute 1800 ypm|1350 rpm
Irllet M L ] * L] L] L] . L] L] L ] L] L] L] L] L] 00344 00144
must M * L ] - L] e 'e® . * L L] L] * Ll 0 0098 o .088
Englne speed at plston speed of
2400 feet per mimnte 3267 rpm (2400 rpm (rated)
Inlet M L 3 L ] . L 2 L ] L] L 4 [ L] e L] L] L] L] 0'&4 00263
Exmust M L] * * . L] * L ] L] L ] L] L] L] L] 00179 00160

The relatively high, and therefore unfavorable, values of M
for the inlet ports are due to the anguler arrangement, the length
of the flow passages, and the sharp edges at the entrances of the
ports (fig. 2).

Cylinder pressure drop. - Typical cylinder-pressure-drop data
obtained during the investigatlion are shown 1In figure 8. The pres-
sure drops shown here renge from approximately 4 to 23 pounds per:
square inch and vary with menifold pressure and fuel-elr ratio.

Thege date mey be compared with calculated values of pressure
drop for the ported cylinder and also for the oylinder of refer-
ences 1l and 2, which were calculated by means of the equation used
in the previous analysis (reference 1):

Pg '

Rg = 0.0910 ( - E) T (1)
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where

Rg scavenging ratio

Pg eoxhaust-gas pressure, (1b/sq in. abs.)
Dy inlet-manifold pressure, (1b/sq 1in. abs.)
Tm inlet-manifold temperature, (°R)

Thls equation was intended to apply to cruising engine speeds
corresponding to & mean plston speed of approximately 1800 feet per
minute. The experimental cylindjer, however, was operated at a mean
piston speed of 1350 feet per mimmte. If the cylinder and the ports
are assumed to have the characterlstics of an orifice and the
welght Fflow is assumed dlrectly propoxrtionel to the average plston
speed, the cylinder pressure drop wlll vary as the square of the
average piston speed. Consequently, equation (1) becomes

Bs V¥ (1350 Pw
Pm - Pe = (o.oglo) (1800) T ()

Pressure drops calculated from equation (2) are compared with
the experlmental data for a fuel-alr ratio of 0.03 in figure 9.
The differences hetwesen the calculated and experimental date are In
a large part atbtributed to the low inlet-port flow coefflclents and
the inadequate exhaust lead of the cylinder under investigation.
Because the analytical expression is independent of fuel-alr retilo,
the pronounced effect of fuel-alr ratlio on the preasure drop across
the experimental cylinder (as 1llustrated in fig. 8) is furbher
evidence of Inadequete exhaust lead or time-area for the exhaust
blowdown process. The requlired exhaust lead, determined by a method
presented in reference 6, was about slx times thet of the experimental
cylinder.

Charging efficiency., - In reference 1 it is assumed that
perfect mixing accompanles the charging process (reference 6). For
this scavenglng process, the cherging efficlency ng 1is given by
reference 7 as

ng = 1 - B8 (3)
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At the selected operating condition, that is, a scavenging ratioc of
unity, the charging efficilency from equation (3) is 63.2 percent.
Samples of gas from the experimental cylinder, however, indicated
that the chargling efficlency was less then 55 pexrcent, which repre-
sents a loss of 13 percent in power output at rich mixtures.

For operation at over-all fuel-alr retios in excess of 0,035,
experimental data indlcate that as the fuel-alr ratio is enriched
the charging efficiency decreases and ultimately approaches zero.
This relation 1s caused by the cylinder fuel-air ratio being stoi-
chlometric or richer so that all the fuel cannot burn. When the
scavenging process begins, the unburned fuel remaining from the
previous cyole apparently undergoes combustion, using part of the
scavenge air. As a result, the oylinder is in part being scavenged
with products of combustion. On succeeding cycles, the cylinder
fuel-air ratio becomes increasingly richer until equilibrium is
reached, at which time the concentration of products of combustion
in the cylinder i1s very high at inlet-port closure.

The effect of high concentration of the produnots of combistion
1s demonstrated by the data of figure 10. The indicated mean effec-
tive pressure decreases rather rapidly as the cylinder fuel-alr ratio
goes beyond stolchiametric, corresponding to an over-ell fuel-air
ratlio of about 0.035,which is indicetive of the poor scavenging
under these operating conditions. The burning of practically all
the fuel during some part of the oycle, whether it is during the
power stroke or during the inltlal stages of the scavenging process,-
is clearly illustrated by the curve of exheust-gas temperature,
which continues to incresse with increasing over-all fuel-ailr ratio.

Operation on a four-stroke cycle (with fuel inJjection every
other cycle) should demonstrate the effect of the unburned fuel that
exists in the cylinder at the beginning of scavenging. In this case,
the unburned fuel and products of combustion resulting from burning
during the scavenging period are carried out of the cylinder on the
nonfiring cycle. The power curve as a function of fuel-air ratio
therefore should not peak but should become substantially flat as
the cylinder fuel-air ratio becomes richer than stoichiometric. The
four-stroke-cycle data, shown only in figure 10, confirm this
conclusion.

Power Output

Effect of engine operating conditions. - The effect of inlet-
manifold temperature, inlet-manifold pressure, and fuel-air ratio
on the indicated mean effective pressure of the experimental cylinder
1s shown in figures 11 and 12.
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At very lean fuel-air ratios (below 0.025), figure 11 indicates
that the Indicated mean effective pressure is roughly proportionsl to
the fuel flow. As the mixture is enriched, the slope of the curve
decreases and ultimately reaches a value of zero. This point corre-
sponds to approximately stolchiometric mixture in the ¢ylinder, which
1s approximately twice the over-sll fuel-ailr ratio for the chosen
operating condltione and resultant charging efficiency.

For changes in Injet-menifold pressure or inlet-manifold tem-
perature, the date of figures 11 and 12 show upon anelysis that the
indicated mean effective pressure 1s almost directly proportional to the
density of the air in the inlet manifold. This proportionalilty is
a natural result of the manner in which the operating conditions
were changed inmsmuch as the air flow was held constant at 1 cylinder
volume per cycle. Smell changes in charging and thermal efficiencies
ocourring through changes in manifold cond.itions caused slight
varlations from this relation.

Comparison with cdlculated results. ~ The power output from the
experimental cylinder cennoct be directly compared with that calculated
in the analysis (reference 1) because the combustion pressure rise
used in the analysis was considerably greater then thet experimentally
found. A valid comparison between the calculated and experimental
power results may be mede, however, if the Inlet-manifold pressure
is kept constant end the resulits are .compared at the same va.lues of
wmaxlmum cylinder pressure and exhaust-gas tempersture, the two
limiting factors in the gas-generator engine. Such 2 comparison is
shown in figure 13 for values of mean effective preasure calculated
according to thermodynemic relations shown ln reference 1 for equiva-
lent values of experimental maximm cylinder pressure and corresponding
exhaust-gas temperatures. The results are in fair agreement at condi-~
tions of low exhaust temperature, which correspond to lean fuel-air
ratios (less than 0.03). Optimizing the injection asdvance angle
may improve the agreement here by increasing the power output and
also decreasing the cylinder pressure and the exhsust temperature. At
conditlons corresponding to rich fuel-elir retios, wide differences
are noted between the calculated and experimental wvalues. Most of
the dlfference is attributed to the poor charging efficlency of the
experimental cylinder, although injectlion advence, duration, and
pattern also exert same influence on the power output.

Cylindex FPressures
Compression pressures. - A comparlson of calculeted and experi-

mental ccapression pressures is shown in figure 14. The expression
used in the reference analysis (reference 1) ’
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1.35 (4)

where

P, oompression preesure, (1b/sq in. abs.)
Po ©oxbaust-gas pressure, (1b/sq in. abs.)
r compression ratio

1s shown to result in pressures somewhat lower than the actual com-
pression pressures. In view of the low flow coefficlent across the
inlet ports of the experimental cylinder, 1t appears doubtful that
compression could proceed from inlet-manifold pressure. Actually,
the pressure from which compression begins should be somewhere
between inlet- and exhaust-menifold pressures. Indicator-card data
show that thls pressure is less than the inlet-manifold pressure by
about 20 percent of the cylinder pressure drop. The date in fig-
ure l4 show that the value of 1.35 for ths polytropic exponent very
nearly f£its the plotted points.

Maximum cylinder pressures. - The effect of inlet-manifold
pressure and fuel-air ratio on maximm cylinder pressure 1s shown
in figure 15. The curves initlelly rise quite rapldly and, as the
fuel-air ratio is enriched, become more nearly flat. Thils flatness
is a result of increasing the duretlion of fuel injection at the
richer mixtures and of operating with a flxed Injection advance
angle. If the injection advance had been optimized, increesing
with the fuel-alr ratio, these curves would be more nearly straight
lines. As 1s to be expected, the maximum cylinder pressure at a
glven fuel-alr ratlo is approximately proportional to the Inlet-
menifold pressure.

Ratios of meximun combustion pressures to coupression pres-
sure are plotted in figure 16 for both experimental and calculated
values of cylinder pressure. The calculated valnes were obtained
by using the method of computation (for constant-volume combustion
with certain correction factors applied) described in the analysis
(reference 1). The calculated velues of cawbustion pressure are
higher then the experimental values and the calculated values of
compression pressures p, T 35 aaie glightly lower then the exper-
imentel values, belng nearly py r 35, "Tms the calculated ratios
are accordingly higher than the experimentel retios. The preasure
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ratio increases as the campression ratio 1s decressed. TFor exsmple,
the value of the experimental pressure retlo for & compression ratlo
of 7 is 1.42 whereas for a compression ratioc of 4 1t is 1.72 (at a
fuel-alr ratio of 0,035).

At high compression ratios, the temperature is, of course, hlgher

at the end of compression than at low compression ratios. This increase

in temperature caused the decrease in the ratio of combustion pressure
to compression pressure with increasing compresslion ratio (flg. 186)
for the calculated date and is & contributing fector in accounting
for thils variation in the case of the experimental date. For the
experimental date, however, & second effect 1s present, because
cambustion is incomplete at crank top dead center and because the

rate of change of cylinder volume with respect to time fer constant
clearance volume ia greater for high than for low campression ratlos.

The combustlion pressure rise was about one-~half of that to be
expected with constant-volume combustion. The combustlion pressure
rise apparently had little bearing on the performsnce of the cylinder
when the limitations were maximm cylinder pressure and exheust-gas
temperature.

Thermel Efficlency

The effects of pertinent englns operating variables on Indicated
specific fuel consumption and thermel efficiency of the experimental
cylinder are shown in filgure 17, which shows that the efflclency
decreases with lncreasing fuel-eir ratio. This chenge 1s ceused by
the greater dlvergence of the properties of the working fluid from
the properties of a perfect ges at the rich mixtures, the ocourrence
of more of the combustion process at constent pressure, and the
burning of scme fuel at bottom center, as previcusly discussed. In
addition, these vealues include & combustion efficlency, which was
not determined but was estimated to be epproximetely SO to 100 per-
cent.

The variation of thermal effliciency wlth compresslon ratio is
compared to that of an air standard cycle in figure 18, The trend
of the experimental data is shown to be similar to that expected
from theoreticel considerations.

The experimental data are compered with the efflcienciles cal-
culated by the methods of the reference analysis (reference 1) in fig-

" ure 19. The figure shows that the experimental values are somewhat

less than the theoretical results. In the course of the lnvestigation,
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time did not permit optimizing injection pattern, injectlon advance,
or duration of injection. PFurthermore, scme loes in efficiency can
be attributed to the low charging efflciency. For these reasons,
the deta of figure 19 are consldered to be & reasonable check on the
essumptlons in the Inltial analyslis, particularly at fuel-alr ratios
less than 0.03.

Exhaust Measurements

Heat losses. - The heat loss to the coolent and the exhaust-
gas temperature of the experimental cylinder are shown In figure 20
ag functions of fuel-alr ratio. The heat losses decrease with an
increase in fuel-elr ratlo. This variation probably results because
the heat input increases faster than the temperature difference
leading to heat transfer. All the data are considerably higher than
the value of 18 percent assumed in the previous analysis (refer-
ence 1). The higher heat reJjection of the experimental cylinder is
partly attributed to the high surface-volume retio of this cylinder

(the experimental cylinder has & surface-volume ratioc over 2-;'- times

thet of & 6.3~ by 6.3-in. loop-scavenged two-stroke-cycle cylinder
(K18ckner Humbolt Deutz engine, reference 8)), and pertly to the
low cocolant temperature used to expedite the investigatlion.

Exhaust-gas tempersture. - The exhaust-gas temperature (fig. 20)
i1s practically e linear functlon of fuel-alr retlo. The elight amount
of upward curvature is caused by a decrease in the engine efficlency
a8 the fuel-alr ratio ig increased. The difficulty of attalning
equilibrium conditions 1n the exhaust tank, which bed considerable
thermal lag, may account for the scatter in the date polnts. Because
the date were taken in the dlrection of increasingly rich mixtures,
the higher temperatures at each respective fuel-alr ratio are con-
sldered most valid and the line through the points is drawn accord-

ingly.

c rison of calculated and experimental exhaust-gas temper-
atures. - The equation used in the previous analysis (reference 1)
was modified to eliminate the necessity for knowlng the campressor-
inlet temperature in the gas-generator engine, to eliminate the
simplifying assumption of constent specific hest, and to consider
the higher heat losses in the experimental cylinder. In its modifled
form, the equation becowes

-(l-Qz -Tlt)hc({')

H
& F
(1+I)

+ Hy (5)
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where
Hg enthalpy of exhaust gas, Btu per pound
Q; heat rejection, fraction of heat input neglecting friction

g indicated thermel efficlency from experimental data

! heat of combustion of ‘fuel, 18,500 Btu per pound

[+]
F/A fuel-air ratio

H, eonthalpy of inlet air, Btu per pound

Deta from reference 9 allowed graphlcal expression of these enthalpy
values as functions of tempersture and fuel-air ratio and thus
permitted a solution of the equation to be mede. Eguation (5)
results in the same exhaust-gas temperature as that caloulated in
the analysis in reference 1 for & corresponding heat-rejection rate.

Valunes of exhaust-gas temperature calculated by meens of equa-~
tion (5) are compared with the experimentally determined values in
figure 21. The caloulated valuea appear to be 1in good agreement
with the experimental results. At & fuel-alr ratio of 0.04 and
beyond, all the date points lle below the calculated curves. This
disparity may be a result of decreasing combustion efflciency in
the experimental date because the eguations assume 100-<percent com-
bustion effliclency, or of neglected heat losses at the high temper-
atures involved.

The variation in calculeted and experimental exhaust-gas tem-
peratures with changes in compression ratio 1s shown in figure 22.
Here again the correletion is shown to be good. The change in
exheust-gas temperature with compression ratio ls caused by varla-
tion in the thermal efficlency of the cylinder.

EFFECT OF DIFFERENCES BETWEEN OBSERVED AND PREDICTED FERFORMANCE

Inasmuch as this investigation was conducted to determine experi-

mentally the performance characteristlics of & cylinder for gas-
generator use and to compere the data cbtalned with those assumed
for the previous anslysis of the gas generator (reference 1), exem-
ination of the effect of differences in the experimental and assumed
dete on the performeance of the gas-generator engine 1s of Interest.



14 NACA RM No. ESL30

The two most serious deficlencles of the experimental cylinder
wlth regard to gas-generator application are its low charging effi-
clency and 1ts high heat losses. The low chexrging efficiency ceuses
& loss In power output, which may limit the meanifold pressure at
which the gas-generator engine can operate. This limitation in turn
leads to higher speciflc welght and specific fuel consumption in
the gas-gensretor engins.

The nature of this power limit 1s shown in figure 23. The
cylinder power output is shown for constant exheauat-ges temperature
and- constant maximum cylinder pressure. The opereting point of the
gas~genorator engine obviously 1s that point where the power-
available curve lintersects the power-required curve. Because all
the curves are so neerly parallel, a small drop in power output
resulting from inadequate scavenging results in a lerge loss in
manifold pressure.

The gas-generator engine ordinarily operates at fuel-eir ratios
of about 0.03 to 0,035 and 1f the scavenging ls adeguate to keep
the cylinder fuel-alr ratio somewhat below stolchicmetric, complete
scavenging 1s no longer so important. The present cylinder is
incapable of accamplishing this end. Revision of the porting
scheme with particular emphesis on increasing the exhaust lead may
effect a satisfactory improvement.

The second fault of the present cylinder, that of excessive
heat losses, 1s attributed to the use of e small-scale cylinder
with a low coolant temperature. In thie investigatilon, overcooling
the cylinder rather than developing & cylinder that would operate
well with a minimum of cooling was expedient. The use of & full-
scale cylinder with a certain amount of development to permit the
use of higher coolant temperatures should be effective in reducing
the heat logses. A reduction of manifold cooling area would also
be made possible with a full-scale cylinder. Despite poor
scavenging and high heat losses, the performance of the experimental
¢ylinder confirmed the assumptions used in the previcus enalyeis
sufficlently well to indicate that a reasonable approech could be
made to the gas-generstor-engine performence calculated in refer-
ence l.

MECHANICAL PERFORMANCE OF ASSEMBLY
The operating conditions used in the Investigatlion represent

quite & radical departure from conventional practlice. Accordingly,
the practicability of operating at these conditions may be questioned.

10177
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Many of the anticipated difficulties, such as, roughness of the engine,
broken and stuck plston rings, broken cylinders,; commscting rods, and
Plstons, and repid wear of parts falled to materialize. The engine
operated satisfactorily throughout the entire investigation. Ring
stlcking was not a problem, nor was cambustion roughness or knmock
encountered. The average rate of cambustlon-pressure rise was

32.5 pounds per square inch per degree at 1800 rmm or 352,000 pounds
Per squere inch per second as determined fram iIndicator cards. A
minimm rate of pressure rise of about 50 pounds per sguare inch per
degree will ususlly cause englne roughness. It should be pointed out,
however, thet no attempt has been made to reduce the high heat losses
from the cylinder; the higher cylinder temperatures that would accom-
peny such an attempt have not been investigated.

SUMMARY OF RESULTS

The results of an inveetigation of the performence of & small-
scale, two-stroke-cycle, campresslon-ignition cylinder of the loop-
scavenged type operated under simulated plston-type gas-generator-
engline conditions mey be sumerized as follows:

1. Charging and scavenging of the cylinder wae inadequete
because of unsatisfactory porting. The poor charging end ecavenging
were treced to inadequate exhaust lead, which was found to be only
one-gixth of that reguired. The chargling efficlency adversely
affected power output and thermal efficlency of the cylindexr at over-
all fuel-alr ratios in excess of 0.03.

2. The thermsl efflciency and the power output at over-all fuel-
alr ratios less than 0.03 checked satlsfactorily with anticipated
values. Small Iimprovements may be cbtained by optimizing the fuel-
injection~-system characteristics.

3. Heat losses from the cylinder were excessive. Part of the
reason for these large losses was the necessarily large surface-

volume ratic of the cylinder, which was sabout 2E times that of a

current full-scale two-gtroke-cycle cylinder. A contributing factor
was the low coolant temperature used to expedite the Investigation.

4. Measured exhsust-ges temperatures checked anticipated values
reasonably well when the experimentally determined heat losses and
cambustlion efficiency were consildered.

S. The cambusition pressure rise was about one-half that to be
eXpected wlth constant-volume combustion. The cambustlon pressure
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rise apparently had little bearing on the performance of the
cylinder when the limitations were maximum cylinder pressure and
exhaust-gas temperature. _ .

6. An analysis of the data showed that inadequate cylinder
charging (charge alr insufficient to maintain the cylinder fuel-
alr ratio somewhat below stoichiometric) limited the manifold pres-
sure at which a gas-gensrator engine using this cylinder may oper-
ate. The analysis indicates, however, that i1f the cylinder charging
was adequate, only small increases In allowable manifold pressure
would accompany further improvement in charglng efficiency.

7. The unusual operating conditions had no harmful effects on
the mechanical operation of the engine; the operation was quite
smooth because of the low rate of combustion-pressure rilse in the
cylinder.

Lewls Flight Propulslon Leboratory,
National Advisory Committee for Aeronautics,
Cleveland, Chio.
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APPENDIX - METHOD OF COMPUTING COMPARISON PARAMETERS
FOR INLET AND EXHAUST SYSTEMS

When an amount of alr equel to the piston displacement is
agsumed to flow through the valves at constant pressure during the
Inlet and exhaust processes, let A,,.C, be the product of maximum
valve or port area and average flow coefflclent based on that area,
in square inches.

Then
oV
p(ApaxCa) V& = —112)'
v = D
12 (AmaxCa )
but
A8
t =&
N
V=
zt%uca’Ae
and
AUV .
¢ 2¢(ApexCa)a®
but
Vo = 12 %Ap
g0 that
3
M=
¢ (ApaxCa } 49
where

p fluid density, 1b/cu £t

v average velocity of flow through valves or ports, £t/sec
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t time for flow process, sec

vp Ppiston displacement, ou in.

A6 total valve- or port-opening period, deg

N  englne speed, rpm

e velocity of sound (1100 £t/sec at inlet conditions, 2500 £t/sec
at exhaust oonditions, values ardbltrarily chosens

hypothetical average Mach number for flow through wvalve or port
S  average piston speed, ft/min

Ap area of piston, eq in.

The data necessary for determining the values of M for the

ported and for the conventional alrcraft-engine cylinder and also
comparative valnes of M for each are as followa:

Conocept Ported coylinder|Aircraft-engine cylinder

Inlet [Exhaust Inlet Exhaust

8, (ft/ﬁin) 1350| 1350 1350 1350

Ap, 8.3 8.3 23.7 23.7

s}sec) 1120| 2500 1120 2500

Amax(total), (sq in.)| 3.03| 2.62 5.18 4.15
0.238| 0.372 0.398 0.373

AG deg 122 142 290 282

M 0.344|0,0985 0.144 0.088

M (2400 rpm?) 0.624 0.179 0.263 0.160

8Rated speed for aircraft-engine cylinder.
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Alternate locatlons for fuel-injector
maximum cylinder=-pressure indicator
valve and exhaust-gas sampling valve
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Pigure 5., - Outlines of combustion chamber (for

compression ratios of 4, 4.5, 5.25, and 7),

location of fuel-injectlion valve, and pattern of
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NACA RM No. E8SL30

25
Inlet-manifold

réessure
(lb/gq in. abs,)

80
100

120
155

0
Q
>Oooo

y.

W)
¢}

v

)

(™)
o

n

‘ﬂqggprr

0 .0l «02

«03 «04 +05

Fuel-air ratio

Figure 8, - Effect ot inlet-manifold pressure and fuel=~
air ratio on cylinder pressure drop. Compression
ratio, 5.25; inlet-manifold temperature, 400° F,
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drop, Compression ratio, 5.25; lnlet-
manifold temperature, 400° F; fuel-alr
ratio, 0.03. Theoretical values are based
on equation (2).
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